Lipopolysaccharide (LPS) from four virulent strains of Pseudomonas syringae pv. syringae was similar in composition to that of P. syringae pv. rnorsprunorum. Fucose was an additional component of the sidechain of LPS from two of the strains and the lipid A from a third strain lacked 12 : 0. Antisera raised to LPS of one strain each of pv. syringae and pv. rnorsprunorum agglutinated cells of the plant pathogenic pseudomonads tested but not those of Pseudomonas juorescens or Escherichia coli. Both antisera cross-reacted with cells of isolates belonging to the other pathovar, but showed greater specificity for homologous LPS in immunodiffusion tests. The serum raised against pv. morsprunorum was shown to be specific for the sidechain region. The antigenic determinants in LPS from strains of the pv. syringae appeared more heterogeneous than did those of LPS from pv. morsprunorum isolates. The reactivity of antisera with LPS correlated with the pattern of adsorption to LPS of the typing phage A7, in that none of the strains that contained LPS that did not react with both antisera adsorbed phage A7.
INTRODUCTION
Pseudomonas syringae pv. morsprunorum, which causes bacterial canker of stone fruit trees, has a somewhat restricted host range. Crosse & Garrett (1963) showed that English isolates are specific for either cherry or plum. These trees are also attacked by P. syringae pv. syringae, which has a broader host range, Schemes of biochemical tests and phage typing enable routine distinction between different cherry and plum isolates of pv. rnorsprunorum (Garrett et al., 1966; Freigoun & Crosse, 1975) , but there is confusion with isolates of pv. syringae (Garrett, 1986) .
Serological or immunochemical methods have been successfully used for the identification of some plant pathogenic bacteria (Schaad, 1979) . The serology of P. syringae pv. morsprunorum and pv. syringae has been investigated several times. Oprea (1971) found from the agglutination patterns of isolates by four selected antisera raised against whole cells that it was possible to distinguish pv. morsprunorum from two types of pv. syringae and an intermediate serotype, but Lovrekovich et al. (1963) and Otta & English (1971) , in a study of the reactivity of heat stable 0-antigens by double gel diffusion, concluded that the two pathovars were serologically indistinguishable and that the group as a whole was antigenically heterogeneous.
Lipopolysaccharide (LPS) is the major 0-antigen. Recently, we characterized the LPS of 3 394
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strain C28, a cherry isolate of P . sy-ingae pv. rnorsprunorzrm (Smith et ui., 19850) . The repeat sequence structure of the sidechain is a ~-rharnnan-+3)-~-Rhap(al-*3)-~-Rhap(~l-+2)-~-Rhap(al (Smith et a/., 1985b) . The typing phage A7, which has the LPS core region as its binding site (Quirk et al., 1976) cleaves the rhamnan at 2)-Rhap(al+3 to release tri-and hexasaccharide degradation products (Smith et a / . , 1984). Although the sidechain structure for LPS of plum isolates has not been unequivocally established, a close similarity to LPS of strain C28 is indicated since it is a rhamnose polymer that is susceptible to cleavage by phage A7 D-rhamnanase (Zamze rt d., 1985) . We decided to compare the LPSs of cherry and plum isolates of P . slyringae pv. morsprunorirm by serological means, and to extend the comparison to LPS of pv. syringae isolates, correlating serological activity with the structure and composition of the molecule. Anderson (1980 Anderson ( , 1984 identified rhamnose as a major sugar in the LPS of P . syringae pathovars but in some isolates also detected fucose. As subtle differences in the structure of the sidechain region are often detectable by immunochemical means, we raised antisera to LPSs of strains C28 and C414 (the latter is a representative strain of P . syringae pv. syringae, found during the course of this study to contain a fucose-bearing LPS) in order to examine the extent of antigenic variety within the pv. morsprunorum and pv. syringae. We selected for study nine strains of P . syringae pv. morsprunorum, five of P . syringae pv. syringae (three of which adsorbed the phage A7 and therefore presumably showed considerable similarity in LPS structure with P . syringae pv. morsprunorurn), and one strain of P. syringae pv. phaseolicola. The present paper describes our findings concerning the structure of LPS from P. syringae pv. s-yringae and the specificity of the antisera in whole cell agglutination and in immunoprecipitin tests. Pseudomonas syringae pv. morsprunorum strains D10, D17, D17-AIR, C28, C28-1 and C28-2 were described by Zamze et al. (1985) and Garrett et al. (1966) . Strain C192 was a virulent race 2 cherry isolate that does not adsorb phage A7. Strains C42,III. ii, R45 and N2A were additional cherry isolates. P . syringaepv. syringae strains were as follows: C414 and 81/21, English cherry isolates that adsorqphage A7; S8, an English isolate from pear blossom, originally resistant to phage A7 (Dr C. M. E. Garrett, personal communication) but now sensitive; S29, a cherry isolate from the USA that does not adsorb phage A7. Strain C415 was an additional isolate of pv. sjvringae. P . syringae pv. phaseolicola strain F3 was isolated from bean and P. puorescens P65 was a saprophyte.
METHODS

Organisms. Escherichia
Phage A7 was obtained from Dr C. M. E. Garrett. Methods for its maintenance and propagation, and study of its inactivation by whole cells and digestion of purified LPS were as described by Smith eral. ( 1 9850) and Z a m~e et al. (1985) .
Bulk culture ofbacteria and isolation of LPS. LPS was extracted from bacteria cultured in basal salts medium containing glucose and was purified by the methods described by Smith et al. (1985~) and Zamze er al. (1985) .
LPSsof strains C414,81/21, S29 and S8 were extracted by the phenol-water method (Westphal & Jann, 1965) . LPS of strain C414 was extensively purified by the method of Smith et al. (1985a) , but the remainder were judged to be sufficiently pure after ribonuclease treatment and ultracentrifugation.
Chromatography and analytical methods. The procedures for the hydrolysis and chemical analysis of LPS, for gel permeation chromatography and for the autoanalysis of amino-compounds were described by Smith et al. (1 985a) and Zamze et al. (1985) . In some instances, 0-antigen polysaccharide was cleaved from lipid A by using 1 % (v/v) acetic acid at 100 "C for 3 h. Monosaccharides were also released from LPS (5 mg) by hydrolysis with 5 Mtrifluoroacetic acid for 30 min at 100 "C, and analysed by TLC on plates of silica gel G type 60 (Merck) prepared in 0.05 M-sodium borate (Salkinoja-Salonen & Boeck, 1978) , developed twice for 20 min in solvent D (propan-Iol/water; 7 :2, by vol.), and visualized by using 4-aminobenzoic acid spray (Saini, 1966) . Alternatively, monosaccharides were analysed by GLC as their alditol acetates (Albersheim et al., 1967) , using a column (305 x 0.64 cm) of 3% ECNSS-M on 100-120 mesh Chromosorb CAW-DCMS at 200 "C, with N, (20 ml min-') as the carrier. myo-Inositol (0.5 mg) was used as the internal standard, and detection was done by flame ionization. Identification was made by co-chromatography with authentic standards.
Immunological methods. Antisera were raised against purified LPSs from P. syringae pv. morsprunorum strain C28 and from P . syringae pv. syringae strain C414. New Zealand White rabbits (female) were injected intramuscularly with LPS (2.5 mg) in 0.9% (wlv) saline (0.5 ml) emulsified with Freund's incomplete adjuvant (0.5 ml). Inoculations were repeated after I month, and again without adjuvant after 3 and 5 months. Rabbits were P . syringae lipopolysaccharides 3395 bled 2 weeks after the last inoculation, and serum complement was inactivated by heating at 56 "C for 10 min. For agglutination tests, bacteria were grown in nutrient glycerol broth (10 ml) for 18 h at 25 "C with shaking. Centrifuged cells were washed in distilled water and suspended to a density of lo9 organisms ml-I in phosphatebuffered saline (PBS: 5 mwsodium phosphate buffer. pH 7.2, containing 0.14 M-NaCl). Antisera were diluted in PBS, and 0.1 ml portions were mixed with equal volumes of bacterial suspension. After incubation for 1 h at 4 "C, samples were examined for agglutination by phase contrast microscopy. Double immunodiffusion was done in 0.65 % (w/v) agarose prepared in PBS containing 0.02% sodium azide.
Wells of diameter 0.7 cm were arranged 0.7 cm apart in hexagonal patterns around a central well. The central well was filled with 20pl of immunoglobulin, and the surrounding wells each received 30pl of LPS (1 mg ml-I) dispersed in PBS containing 0.2% SDS (Hofstra & Dankert, 1980) . Plates were incubated at room temperature for 24-36 h, and precipitin lines were viewed over a diffuse light source.
RESULTS A N D DISCUSSION
Yields and purity of' LPS
Acetone-dried cells of isolate C414 yielded 2.5 % (w/w) purified LPS containing approximately 0.5% (w/w) nucleic acid and 1-2% (w/w) protein. LPS yields from acetone-dried cells of isolates S8, 81/21 and S29 were 0.3, 1-2 and 1.4% (w/w) respectively. All three contained 1-2% (w/w) nucleic acid and approximately 10% (w/w) protein.
Analysis of whole LPS
The overall composition of whole LPS from strains C414, S8, 81/21 and S29 is given in Table 1 .
All four LPSs contained rhamnose and glucose. In addition, the LPSs of strains C414 and 81/21 contained fucose. The glucose content of LPS from strains 81/21, S29 and C414 was approximately 0.24 pmol (mg LPS)-*, and was similar to the amount present in P . syringae pv. rnorsprunorurn strain C28 (Smith et al., 1985a) . Less glucose was found in LPS of strain S8. The largest amount of rhamnose [approximately 2-0 pmol (mg LPS)-' ; similar to that of strain C28] was found in strain S29; LPS from strain S8 contained only one-quarter of this amount. Molar ratios of rhamnose :glucose in LPS of strains S29, C414, S8 and 81/21 were respectively 7-1,3.9, 3-4 and 2.7. Rhamnose :fucose ratios in LPS from strains C414 and 81/21 were respectively 3.2 and 3.5.
The amount of 3-deoxy-2-octulosonic acid (KDO) present in each LPS was similar to that previously detected in lipopolysaccharides of P. syringae pv. rnorsprunorurn (Zamze et al., 1985) ; the same was true for the heptose content of LPS from strains C414 and S29 but less heptose was detected in LPS from strains 81/21 and S8.
Auto-analysis of the amino compounds present in LPSs of strains 8 1 /2 1, S8 and S29 revealed the presence of glucosamine, galactosamine, ethanolamine, alanine and amino sugar phosphate in all cases (Table 1) . Compound X, the unidentified component of LPS from P . syringae pv. rnorsprunorum (Smith et al., 1985a; Zamze et al., 1985) was also present in similar amounts in all four of the LPSs examined here.
Lipid A With the exception of LPS from strain S29, the percentage by weight of lipid A present in the LPSs examined was less than that found in strain C28 (28%; Smith et al., 1985~). Lipid A released by acid hydrolysis from S29 and C414 LPS formed a floccular white precipitate, but from strains 81 /21 and S8 the released lipid A formed an oily emulsion which only coagulated to form a precipitate after cooling. The failure of lipid A from these LPSs to precipitate during hydrolysis correlated with a low Mg2+ content in these samples; however, the fatty acid content, which may also contribute to the physical properties of the LPS, was not investigated in either case. The same four fatty acids present in LPS of P. syringae pv. morsprunorum, viz. 12 : 0,3-0H 10 : 0,2-0H 12 : 0 and 3-OH 12 : 0, were found in LPS of C414 in the respective quantities 0. ND, Not determined.
* Results of Smith et al. (1985~).
Assayed using glucose oxidase. $ Analysed by GLC of their derivative alditol acetates.
Estimated by the method of Rondle and Morgan (see Smith et al., 1985~) .
11 Estimated by autoanalysis.
T[ Results expressed as % (w/w).
Partial hydrolysis of LPS and gel jiltration of the polysaccharide moiety Hydrolysis of strain C414 LPS with 0.01 M-HCl for 60 min at 100 "C and separation of the polysaccharide fragments on Sephadex G-50 gave an elution profile closely similar to those obtained from strains of P . syringae pv. morsprunorum (Smith et al., 1985a; Zamze et al., 1985) . The three peaks obtained were identified as 0-polysaccharide (I), unsubstituted core (11) and link components (111).
Paper chromatography of samples hydrolysed with 2 M-HC~ revealed the presence of rhamnose in fraction I, rhamnose and glucose in fraction 11, and rhamnose and fucose together with a little glucose in fraction 111. Fucose was also detectable in similar quantity in fraction 111 by paper chromatography without prior hydrolysis. Most, if not all, of the fucose in this fraction was therefore present in the free state.
A similar profile was obtained on Sephadex G-50 after partial hydrolysis of strain C414 LPS with 1 % (v/v) acetic acid at 100 "C for 3 h. However, analysis by paper chromatography revealed that all of the fucose was now located in the high M , fraction (I) with rhamnose.
Hydrolysis of LPS from strain 81/21 with 1 % (v/v) acetic acid produced a similar profile of products on Sephadex G-50, and all the fucose was likewise contained in the high M, fraction.
The composition of fractions 1-111 obtained from LPS of strain C414 after hydrolysis with 0.01 M-HCI is shown in Table 2 . The distribution of components was similar to that found for components of LPS Erom P . syringae pv. morsprunorum. Adsorption of phage A7 Phage A7 adsorbed to cells of strains S8, C414 and 81/21 with the same efficiency as to cells of P. syringae pv. morsprunorum strain C28 (Smith et al., 1985a) . Phage A7 rhamnanase hydrolysed C414 LPS, releasing oligosaccharide containing both rhamnose and fucose which could be separated from core-lipid A by chromatography on Sepharose 4B. No adsorption to cells of strain S29 was detected.
The ease with which fucose was released from LPS of strain C414 by hydrolysis using 0 . 0 1~-HC1 whilst preserving the structure of the rhamnan indicated that the sugar was either incorporated into a separate, acid-labile polysaccharide (fucan), or was borne as labile branch residues substituting a rhamnan backbone. The latter possibility was indicated by the release of oligosaccharides composed of rhamnose and fucose by the action of phage A7 rhamnanase. Since most of the rhamnose of C414 LPS was located in the sidechain, the ratio of rhamnose : fucose in whole LPS (3.2 : 1) must approximate to the ratio in the sidechain, and would imply fucose substitution of one in every three rhamnose residues. The repeat structure of the sidechain of LPS from strain C28 is +3)-~-Rhap(al+3)-~-Rhap(a1+2)-~-Rhap(al (Smith et  al., 1985 b) . The structure of sidechain from strain C414 LPS cannot be greatly dissimilar since it served as a substrate for phage A7 rhamnanase. The pattern of substitution must be such as not to interfere with the action of rhamnanase which cleaves the glycosidic bond 2)-~-Rhap(a1+3) (Smith et al., 1984) . Fucose is also a constituent of LPS from P. syringae pathovars (Anderson, 1984) , and is a common component of LPS from other phytopathogens including species of Xanthomonas (Volk, 1968) , Rhizobium (Humphrey & Vincent, 1969; Carlson et al., 1978;  Hrabak et a/., 1981) and Agrobacterium (Manasse & Corpe, 1967) . To evaluate the significance of fucose as a taxonomic marker for distinguishing isolates of P . syringae pv. rnorsprunorum from the pv. syringae would require the study of a much larger number of isolates.
Immunological studies
The agglutination titres of the antisera raised against LPS of strains C28 and C414, for selected strains of P . syringae pathovars morsprunorum, syringae and phaseolicola, P . fluorescens and E. coli is shown in Table 3 . Neither antiserum agglutinated P. fluorescens, E. coli or P . syringae strain S29, but both agglutinated at high titre cells of their respective homologous strains and other strains of pv. morsprunorum or pv. syringae, respectively. Antiserum against strain C28 LPS agglutinated only at low titre the rough mutants C28-1 and C28-2, strain D17-AIR (which has a glucan as the 0-polysaccharide) and two strains of pv. syringae. The specific agglutinins of the strain C28 serum were therefore directed towards the sidechain region of LPS, and presumably the same was true of the strain C414 serum. The failure of the strain C28 serum to distinguish between race 1 and race 2 cherry isolates and plum isolates of the pv. morsprunorum indicates that they do not form serologically identifiable groups on the basis of LPS antigenicity, and they probably share the same sidechain structure. Other agglutinating (1985) . Data on the binding of phage A7 were confirmed during the present study. factors may have been present in the two antisera, directed for example against traces of associated protein ; these may have given rise to some non-specific agglutination. By cross-reactions, agar-gel diffusion revealed the presence of common immunodeterminants in the different LPSs (Fig. 1) . Antiserum against strain C28 LPS yielded one sharp precipitin line with the homologous LPS, and cross-reacted similarly with LPS of plum isolates D10 and D17, and the pv. syringae isolate S8, but no precipitin lines were produced with the LPS of the pv. morsprunorum strains D17-AIR, C28-1 and C28-2, or the pv. syringae strains C414,81/21 and S29.
Immunodiffusion between LPS from strain C414 and its homologous antiserum produced one precipitin line (Fig. 2) . Precipitation with this antiserum was more diffuse than that observed
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with strain C28 antiserum: the results were therefore more difficult to interpret, and some fainter lines may have been overlooked. However, lines could be discerned with LPS from pv. syringae strains S8 and 81/21, but not S29; they were also formed with LPS from pv. rnorsprunorum strain D10 but not from strains C28, C28-1, C28-2, or D17-AIR.
Antiserum to strain C28 LPS failed to cross-react with LPS of either strains C414 or 81/21, both of which contain fucose as well as rhamnose in the sidechain region. Antiserum to strain C414 likewise did not cross-react with LPS of strain C28, which suggested that different immunodeterminants were recognized by the two sera; however, both strains share common immunodeterminants with strain S8 LPS. The common component of all three sidechain species is presumably rhamnose, indicating the presence of at least two antigenic determinant regions within the rhamnan.
Although LPS of strain S29 contained large amounts of rhamnose and appeared similar in composition to LPS of strains C28 or C414, failure to react serologically suggests that the sidechain structure differed either in the stereochemical configuration of the sugar or in its linkage pattern. This LPS was also resistant to attachment (and presumably digestion) by phage A7. In both immunochemistry and phage reactivity, strain S29 appeared less similar to the other three strains of the pv. syringae than did the strains of pv. rnorsprunorum examined, which may indicate greater heterogeneity within the pv. group syringae. In general, the capacity for LPS to adsorb phage A7 correlated well with reactivity to the antisera prepared in this investigation. None of the strains containing LPS that did not react with the two antisera adsorbed phage A7.
